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Abstract 
Extremophilic organisms are adapted to harsh environmental conditions like high temperature, xtremely acidic or alkaline pH, high 
salt, or a combination of those. With a few exceptions extremophilic bacteria are colonizing only moderately hot biotopes, whereas 
hyperthermophiles are found specifically among archaea (formerly 'archaebacteria') which can thrive at temperatures close to or even 
above the boiling point of water [1]. It has been a challenging question whether the special properties of their proteins and membranes 
have been acquired by adaptation, or whether they might reflect early evolutionary states as suggested by their phylogenetic position at 
the lowest branches of the universal tree of life [2]. 
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1. Introduction 
It appears that the majority of archaeal genera are 
anaerobes. However, obligate aerobes are found among the 
Sulfolobales and Halobacteriales; besides that a number 
of facultative aerobes have been isolated like Desul- 
furolobus and Acidianus [3]; the Thermoplasmales assume 
an intermediate position. Especially the crenarchaeota are 
not only extremely thermoacidophilic, colonizing biotopes 
of pH 0.5-2 at 75-85°C, but also include species which 
metabolize elemental sulfur facultatively or obligatorily. 
While anaerobes perform sulfur-respiration [4], aerobes 
like Desulfurolobus or Acdianus oxidize sulfur to sulfuric 
acid by oxygen respiration. In general a large diversity of 
redox reactions can be used by various archaeal genera to 
derive metabolic energy (for review see Ref. [3]) as for 
example: 
H 2 + 1//202 ~ H20 (1) 
2S ° + 2H20 + 30  2 --* H2SO 4 (2) 
2FeS 2 + 2H20 + 70  2 --* FeSO 4 + 2H2SO 4 (3) 
[H]2 -  X + 1 /202  
H 2 ° + X(X = NADH, QH2, Suet., etc) (4) 
S ° + 2[H] ~ H2S (5) 
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SO42- + 8[H] + 2H+~ H2S + 4H20 (6) 
NO 3 + 8[H] + 2H+~ NH~+ 3H20 (7) 
Only reactions (1)-(4) use molecular oxygen as termi- 
nal electron acceptor; (1)-(3) apply to chemolithotrophic 
growth, while reaction (4) symbolizes aerobic growth un- 
der heterotrophic conditions as most commonly used for 
Sulfolobus under laboratory conditions. 
All aerobic species contain respiratory electron trans- 
port systems in their plasma membrane which in the 
following will be briefly reviewed with special focus upon 
latest findings on terminal oxidases. Sulfur- or nitrate-res- 
piration will not be further discussed here. 
For Halobacteria and Sulfolobales respiration driven 
ATP synthesis and the extrusion of protons following 
oxygen pulses has been shown [5-7]. The latter extreme 
acidophilic species are maintaining large pH gradients and 
need efficient proton extrusion to keep the cytosol near 
neutral. In case of Sulfolobus acidocaldarius a H+/O ratio 
between 3 to > 6 has been reported [8], suggesting the 
action of more than only one proton pump; however, the 
higher values were obtained only under conditions where 
H+/cation counterfluxes could eventually contribute by 
exchange of metabolic protons against extracellular potas- 
sium. Thus, whole cell experiments did not allow unam- 
biguous assignment of coupled proton pumping to specific 
respiratory complexes. In addition the composition of ar- 
chaeal respiratory chains turned out to deviate from 
'classical' systems in many important details, and it re- 
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mains a matter of debate whether or not the typical com- 
plexes I - IV  do really exist in archaea. 
2. Complex-I 
Actually, the specific inhibitors of intermediary electron 
transport in respiration, like piericidin, rotenone, an- 
timycin, myxothiazole, stigmatellin and others, failed to 
act on the latter systems. In agreement with that we were 
unable to find any indication of a complex-I analogous 
NADH-dehydrogenase in Sulfolobus, Desulfurolobus or 
Halobacterium; in fact none of the expected EPR-detecta- 
ble iron-sulfur centers commonly found as functional 
building stones of NDH-I complexes [9,10] could be de- 
tected. In contrast, a NADH dehydrogenase activity, not 
coupled to energy transduction has been shown for Sul- 
folobus [11], which is strengthened by the sensitivity of 
these cells towards specific NDH-II inhibitors of the 
acridon-carboxylate type [ 12]. Based on our present experi- 
ence, it is justified to conclude that a proton translocating 
NADH-coenzyme-~ reductase is missing in aerobic ar- 
chaea. 
3. Complex-II 
Interestingly, succinate dehydrogenase has been found 
in all archaea investigated. It has been described in detail 
from Sulfolobus acidocaldarius [13] and represents a com- 
plex-II analogous quinole reductase. This has recently been 
confirmed by reconstitution of electron transfer between 
succinate dehydrogenase and a terminal oxidase complex 
from Sulfolobus olfataricus [14]. In T. acidophilum the 
abundance of the complex allowed its direct EPR-spectro- 
scopic investigation i vivo [15]. 
Essentially it can be considered an electron feeding 
device under aerobic conditions rather than a member of 
respiratory chains. Its ubiquitous occurrence reflects its 
metabolic importance in the citric acid cycle which in 
anaerobes can also operate reductively [16]. 
4. Cytochromes and FeS proteins 
The cytochrome complexes are forming the most inter- 
esting segment of archaeal respiratory chains. For a review 
see Ref. [17]. Some more recent results are compiled in 
Ref. [18] and below. 
A clear decision as to whether membranes of ex- 
tremophilic archaea contain a proton translocating bcl- 
equivalent complex-Ill is not possible yet. It can be ex- 
cluded for those which have no c-type cytochromes like 
Sulfolobus or Desulfurolobus. However, based on the cy- 
tochrome b spectra and redoxtitrations of membranes a 
complex-Ill has been proposed for Halobacterium halo- 
SGQLTAS E PDQLTAAALLAARQANV 
S.ac. (SoxL) AI~~IHFYPPNYVN P A L I ~ P  
S. ac. (SoxF) D~L~AQVIVSSESDPGLYAKGAD 
P. den. ~-V~IGDGAGD ......... F ~ T  
B.taur .  ~-V~IANA-GD ......... F G G ~ A  
S. oler. A ~ F N A A  ............ E N K F I ~  
Ch i. lim. AV~RB~LVI~WirDA ............ D N Q ~  
Fig. 1. Alignment of sequence stretches from Rieske Iron-sulfur proteins 
comparing the metal cluster binding sites. The two Sulfolobus acidocal- 
darius Rieske proteins are compared between each other and with 
examples from bacteria nd eucarya including photosynthetic organisms. 
The SoxL gene product contains an even larger insert than the SoxF 
Rieske protein as compared to the cluster distances of all other species. 
S.ac., S. acidocaldarius; P.den., P. denitrificans; B.taur., beef heart 
mitochondria; S.oler., spinach; Chl.lim., Chlorobium limicola. The lower 
four sequences were extracted from the EMBL data bank. 
bium [19], although at least in our hands unequivocal 
sensitivity towards antimycin and other bcl-inhibitors 
could not be demonstrated. Thus, when present, a respec- 
tive or similar complex must have different features. 
Surprisingly, despite the absence of a true complex-Ill 
the plasma membrane of Sulfolobus exhibits the presence 
of respiratory Rieske 2Fe2S iron-sulfur proteins [20,21] as 
revealed by EPR spectroscopy. This was a unique finding 
which suggested novel associations of Rieske proteins in 
respiratory complexes. Moreover, it turned out that two 
different Rieske proteins are present in Sulfolobus acido- 
caldarius membranes which are coded for by two different 
genes (SoxF and SoxL) and expressed simultaneously [22]. 
For procaryotes this case is as well unique. The archaebac- 
terial Rieske proteins reveal typical high potential 2Fe2S- 
centers (ca. + 270 mV at 75°C) and in membranes show 
redox dependent protonation equilibria [23]. Both exhibit 
the characteristic gy value of 1.89. One Rieske protein 
copurifies as a component of the alternate (SoxM) terminal 
oxidase [24] (see below), while the other could be ex- 
tracted and purified individually [25]; their exact g xyz 
values are gx = 1.725, gy = 1.890, gz = 2.031, and gx = 
1.768, gy = 1.895, gz = 2.035, respectively. Overall they 
show 42% similarity with 29% identical amino acid posi- 
tions and have DNA derived molecular masses of 27 kDa 
(SoxF) and 25 kDA (SoxL), respectively. Their Fe-cluster 
forming sequence stretches are shown in Fig. 1. In both 
cases the loop between the cluster binding sites is consid- 
erably extended as compared to the beef heart mitochon- 
drial Rieske protein, a detail which is discussed together 
with other features elsewhere [18]. 
An unusual property of the extractable Sulfolobus 
Rieske protein (Sox-L gene product) is its ability to react 
in isolated form with coenzyme-~ (n-decylubiquinone as
model compound) as well as with soluble c-type cy- 
tochromes [25], acting as a reversible ~H2-cytochrome-c 
reductase. Its association in native membranes i not to- 
tally clear; however, in vitro it is reoxidized by the SOX- 
ABCD terminal oxidase complex, which allowed to use it 
for reconstitution experiments (see below) with cy- 
tochrome c as electron donor. 
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The other Rieske protein is part of the SOX-M alternate 
oxidase complex of Sulfolobus acidocaldarius [24]. A 
similar complex has been confirmed to exist in S. solfatar- 
icus (strain 7) [26] very recently. 
b-Type cytochromes with different functions are appar- 
ently present in largely variable amounts in all aerobic 
archaea. One of these, cytocrome-b558 from S. acidocal- 
darius [27], has now been identified as a very unusual 
membrane residing glycoprotein with other functions than 
respiratory electron transport [28]. Other b-type cy- 
tochromes are members of unusual and novel electron 
transport complexes acting as terminal oxidases. It should 
be noticed, however, that structural homologues to b-type 
cytochromes were identified in archaea to host heme-a [17] 
but may assume classical cytochrome-b functions as dis- 
cussed below. 
5. Terminal oxidases 
The quinol-oxidase aa 3 from S. acidocaldarius was the 
first archaeal oxidase described [29]. After genetic analysis 
revealed a larger operon [30], it became clear that a 
hitherto unknown supercomplex is synthesized in Sul- 
folobus which combines tructural elements of both, clas- 
sical aa3-type oxidases and parts of bcj complexes. It 
contains as a cytochrome-b homolog the heme-a bearing 
cytochrome-a587. This SOX-ABCD complex is supple- 
mented by an alternate oxidase in Sulfolobus containing 
another cytochrome-a587 together with a ba3-type terminal 
oxidase and one of the Rieske proteins (SOX-F gene 
product) to make up a second 'supercomplex', the SOX-M 
complex [24]. In native membranes their oxygen and CO 
binding reactivities appear to be different [31] which may 
have physiological implications. Both complexes are con- 
stitutively expressed in heterotrophically growing S. acido- 
caldarius. A possible regulation of electron flow between 
both terminal Q-oxidases is still enigmatic; it might be 
controlled simply by the oxygen pressure. Interestingly, 
the gene cluster of the SoxM operon also codes for a blue 
Cu-protein (Sulfocyanin) [32] together with one Rieske 
protein (Sox-F) and an apocytochrome-b (alternate cyt- 
a587); thus, for Sulfolobus electron pathways are proposed 
as shown in Fig. 2. 
S. solfataricus exhibits a simpler, unbranched respira- 
S. acidocaldadu$ 
NADH; Succ ,. 
sulfo: ~ b/a3 ~ 02 FeSla587 - - -~  cyanm 
Qcal j 
(FeS) a5871aa3 *'- 02  
D.arnbivalens 
reductases . . . . .  -,,'- QCal ~ aa 3 ~. 0 2 
Fig. 2. Schematic proposal for the organization of electron flow in the 
respiratory chains of the extremely thermoacidophilic archaea Sulfolobus 
acidocaldarius and Desu(furolobus ambivalens, respectively. 
tory electron transport system also combining functions of 
classical bcrcomplexes with terminal oxidases in a super- 
complex [26]. 
Recently we described the terminal oxidase from D. 
ambivalens (grown aerobically) which appears to exhibit 
the most primitive 'respiratory chain' [33]; it simply con- 
sists of an aa3-type quinol-oxidase (see Fig. 2) without an 
indication of additional components forming a supercom- 
plex. Its genomic organization has now been resolved and 
reveals split gene-clusters [18]; unexpectedly, a typical 
subunit-III is replaced by a rather hydrophilic 38 kDa 
protein with no known homologue; moreover, the topology 
of the putative heme-a binding site in subunit-I (65 kDa) is 
unusual as it is located in a considerably more polar 
sequence stretch outside a predicted membrane-spanning 
helix motif. Also the canonical pattern of 12 putative 
membrane spanning helices is exceeded by 2 helices; thus 
the oxidase differs significantly from other members of the 
superfamily of heme-copper oxidases but clearly belongs 
to this family, eventually representing its most ancient 
member analyzed so far. 
6. Proton pumping 
Though respiration-linked proton extrusion of whole 
cells was shown with extreme acidophiles, the problem 
whether it occurs by active pumping is part of a more 
general question on the structural prerequisites to make 
terminal oxidases proton pumping. Since a large number of 
sequences i now available, one can hypothesize on rules 
differentiating pumping from non-pumping oxidases; in 
fact, the results of manifold mutagenesis experiments [34] 
are strongly backed up by the 3D-structure of the Para- 
coccus enzyme [35], indicating the presence of separate 
pathways for chemical or pumped protons and the neces- 
sity for specific amino acids at specific locations within 
subunit-I. As an example two critical positions are men- 
tioned, namely Glu-275 of helix VI and Asp-121 with the 
flanking Asn-l l0 and Asn-128 of the helix-II/III-loop. 
According to these criteria the oxidases from T. ther- 
mophilus, as well as from the extreme acidophiles D. 
ambivalens and S. acidocaldarius (aa 3) would clearly be 
classified as non-pumping, while - interestingly - the 
alternate oxidase of the latter (SoxM) should pump pro- 
tons. Experimental proof in most cases is lacking and is 
especially difficult to provide for Q-oxidases in reconsti- 
tuted systems. Although we have shown that the 'single 
entity' aa3-type quinol oxidase from Sulfolobus can gener- 
ate a proton-motive force [36], these former data did not 
prove pumping but may be explained by a chemical proton 
gradient; also, respiratory control was not measurable. In
contrast, with the integrated Cyt-aSSV/aa3 oxidase com- 
plex, however, we could now demonstrate r spiratory con- 
trol and a H+/e - ratio of 2 (M. Gleissner et al., in 
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100 
B.s. cox 
E.c. bo 
B.s. qox 
T.th ca 3 
H.h. aa 3 
S.ac. sox M 
S.ac. sox B 
tree including all known sequences would put back the 
origin of terminal oxidases prior to the occurrence of 
organisms capable of oxygenic photosynthesis, a recently 
emphasized theory [38,39]; finally, as described elsewhere 
[18], the same holds for the Rieske proteins and the b-type 
cytochromes. 
In conclusion it suggests that all principal structures of 
terminal electron transport chains must have originated 
prior to the split of evolutionary tracks into the three 
urkingdoms. 
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